In contrast to most semiconductors, electrical conductivity of InN is known to increase upon high-energy particle irradiation. The effects of irradiation on its thermal and thermoelectric properties have yet to be investigated. Here we report the thermal conductivity of high-quality InN to be 120 W / m K and examine the effects of point defects generated by irradiation on the thermal conductivity and Seebeck coefficient. We show that irradiation can be used to modulate the thermal and thermoelectric properties of InN by controlling point defect concentrations. The thermoelectric figure of merit of InN was found to be insensitive to irradiation.
The study of group III-nitrides is motivated by the wide band gap range of their alloys from the ultraviolet to the infrared ͑E g,AlN = 6.1 eV, E g,GaN = 3.4 eV, E g,InN = 0.64 eV͒, allowing for applications in a wide range of devices from optoelectronics to photovoltaics. 1 Since the discovery of the narrow band gap of InN from high-quality films in 2002, there has been vigorous research in the optoelectronic properties of InN and In-rich In 1−x Ga x N alloys. 2, 3 Measurements of the Seebeck coefficient of p-type InN have been used to determine hole concentrations by circumventing issues of surface Fermi level pinning in the conduction band. 4 High-energy particle irradiation has been used to study the effects of point defects on the electrical and optoelectronic properties ͑e.g., carrier mobility and photoluminescence͒ of In-rich alloys. 5 However, despite this vast progress, thermal properties of high-quality InN have not been investigated. The thermal conductivity of a material has become an increasingly important issue in the thermal management of high power and/or miniaturized devices. The cation/anion mass ratio of InN is the highest among all group III-V materials, which directly causes a wide phonon band gap and narrow acoustic phonon band in InN.
1 This high In/N mass ratio also implies a high sensitivity of its thermal conductivity to In-related point defects. 6 In this work we examine the thermal and thermoelectric properties of InN and the effect of irradiationintroduced native point defects on these properties.
The single-crystal InN films examined in this study were grown by molecular-beam epitaxy on c-sapphire substrates with a GaN buffer layer. 7 The 500-2100 nm thick InN layers were not intentionally doped. They have background electron concentrations between 8 ϫ 10 17 and 3 ϫ 10 18 cm −3 and mobilities between 1500 and 1045 cm 2 / V s. Their high mobilities and a strong photoluminescence peak at ϳ0.7 eV indicate high crystal quality and low impurity levels in these films. 1 The exact film thicknesses were determined by Rutherford backscattering spectrometry with a 2. Out-of-plane thermal conductivity measurements were conducted at room temperature using time-domain thermoreflectance ͑TDTR͒. beam was fixed at 10 MHz. The radii of the pump and probe beams were 15 m at the sample surface and the total laser power of 30 mW caused a Ͻ5 K temperature increase. The samples were prepared for TDTR by coating the films with a ϳ100 nm thick magnetron sputtered Al film. Data analysis procedures are described in Ref. 11 .
The thermal conductivity of the as-grown and irradiated films is plotted in Fig. 1 . The pristine InN thermal conductivity was determined to be 120 W / m K along the c-axis direction, more than twice the previously reported 45 W / m K for InN grown by nitrogen microwave plasma chemical vapor deposition. 12 Our measured value is in better agreement with the theoretical lattice thermal conductivity of InN of ϳ180 W / m K at room temperature, calculated using theoretical = C v lv / 3, where C v is the molar specific heat, v is the Debye-averaged acoustic phonon velocity along the c-axis, and l = a / ͑␣ v ␥T͒ is the phonon mean free path. The interatomic spacing a is half the c lattice parameter, ␣ v is the volume thermal expansion coefficient, and ␥ is the Grüneisen parameter.
1,12-14 The thermal conductivity measured from high-quality films in this work is expected to be closer to the theoretically predicted value. Moreover, the averaged acoustic phonon velocity along the c-axis ͑out-of-plane͒ differs from that of the in-plane by only 2% ͑Ref. 14͒; therefore, the thermal conductivity is expected to be isotropic within the experimental error.
The thermal conductivity is rapidly reduced by irradiation, and the behavior can be explained using the Klemens model for point defect thermal resistance. 6 For point defect dominated phonon scattering, the thermal conductivity is dependent on the concentration of point defects that create a mass difference at the lattice sites. This is described by a point defect scattering relaxation time, =1/ A 4 , where is the phonon frequency. The parameter A depends on the dominant type of defects, which for this study are point defects generated by displacement of atoms due to the impinging He 2+ ions. For point defects, A is given by C⍀͑3⌬M / M͒ 2 / 4v 3 , where C is the defect concentration per unit cell, ⍀ is the unit cell volume, and ⌬M / M is the relative change in mass for one defect per unit cell. Although defect clusters can form through various defect reactions, their overall contribution to the thermal conductivity reduction is expected to be minimal due to their low concentration at the irradiation doses considered. 15, 16 The general form of thermal conductivity at k B T Ͼប D / 3 is approximated as
where 0 is the pristine lattice thermal conductivity and ប D / k B = 660 K is the Debye temperature.
1 0 ϰ 1 / ͱ A and represents the frequency where the umklapp scattering and point defect scattering rates are equal. Both vacancy and interstitial point defects are formed during irradiation, which have the same ⌬M / M. Due to the small ⌬M for nitrogen vacancies/interstitials and their lower concentration predicted by SRIM ͑Fig. 1 inset͒, indium vacancies and interstitials are considered the dominant cause of the thermal conductivity reduction.
A single fitting parameter, ␤, was used to determine the relation between the theoretically predicted number of point defects using the Monte Carlo method of SRIM and the concentration of defects required to account for the thermal conductivity reduction ͑C experimental = ␤C SRIM ͒. The model fit shown in Fig. 1 was achieved using ␤ = 0.13. The nonunity value of ␤ can be caused by vacancy-interstitial annihilation that can occur both during and after irradiation and other effects from defect clusters not explicitly considered. 15 SRIM only models a simple cumulative process that does not account for energetic bombardment that displaces an atom back to its original lattice position ͑dynamic annealing͒. A dynamical Monte Carlo simulation is needed for a more quantitative explanation of the nonunity value of ␤.
In Fig. 1 the thermal conductivity of InN is also compared to those of other group III-nitrides, GaN ͑177 W / m K͒ and AlN ͑319 W / m K͒. 17, 18 As expected, due to the heavier mass of the indium atom, and therefore the lower sound velocity of InN, the thermal conductivity of InN is the lowest of the three. We note that, even at the highest electrical conductivity ͑ ϳ 3200/ ⍀ cm͒, the electronic thermal conductivity is still much lower than the lattice thermal conductivity ͑estimated to be 1.7 W / m K from the Wiedemann-Franz law͒.
The electron concentration ͑n͒ and mobility ͑͒ of the InN films as characterized by Hall effect are shown in Fig. 2 . As reported previously, the electron concentration of InN increases with native defect concentration due to its lowlying conduction band edge which makes native defects donorlike. 19 The electron generation rate ͑R e ͒ for He 2+ ions was determined to be ϳ3500 cm −1 based on a linear correlation between electron concentration and irradiation dose ͑n=R e ⌽͒, which agrees well with previous reports of He + irradiation. 20 As expected, the mobility decreases with irradiation due to carrier scattering from these charged defects.
The Seebeck coefficient is plotted as a function of electron concentration in Fig. 3 . In the degenerate doping limit, the Seebeck coefficient can be expressed as 21
where is the Fermi energy and r is the power law index relating the relaxation time to energy for free charge carriers ͑ ϰ r ͒. The nonparabolicity of the InN conduction band was taken into account in calculating the electron density dependence of .
1 The model agrees reasonably well with the experimental data at electron concentrations greater than ϳ10 19 cm −3 for which the degenerate approximation ap- plies. At low electron concentrations, the experimental data deviate from Eq. ͑2͒ due to breakdown of the degenerate doping approximation and a relatively larger contribution from electrons in the surface accumulation layer. 22 The Seebeck coefficient was calculated using an r value of Ϫ1/2 or +1, which corresponds to electron scattering dominated by phonons or ionized impurities, respectively. The dependence of the Seebeck coefficient on irradiation-generated electrons is similar to previous studies of as-grown InN with variable electron concentrations. 23 The three thermoelectric parameters were used to calculate the thermoelectric figure of merit, ZT= S 2 / , as a function of irradiation dose. The ZT of pristine sample was 0.007 and stayed within 30% of this value after the irradiation doses considered. The ZT of most materials typically decreases with irradiation due to a greatly reduced electrical conductivity. 24 InN is unique in that irradiation results in an increase in electrical conductivity in addition to the greatly reduced thermal conductivity. These positive contributions to ZT are not completely canceled by the lower Seebeck coefficient. This result suggests that in addition to being a radiation-resistant photovoltaic material, 1 the thermoelectric properties of InN are also radiation-resistant. Thermal annealing after the irradiation may affect S, , and differently and thus possibly enhance ZT.
In summary, we find high-energy ion irradiation to be a viable method for controlling the thermal, electrical, and thermoelectric properties of InN by introducing point defects. The thermal conductivity of high-quality InN was determined to be 120 W / m K, and the effects of point defects introduced by He 2+ irradiation were examined. The Seebeck coefficient of the irradiated films agreed with the theoretically predicted values based on carrier concentration and effective mass. The thermoelectric figure of merit of InN was found to be insensitive to irradiation. 
